To describe and classify patterns of abnormal fundus autofluorescence (FAF) in eyes with early nonexudative agerelated macular disease (AMD). METHODS. FAF images were recorded in eyes with early AMD by confocal scanning laser ophthalmoscopy (cSLO) with excitation at 488 nm (argon or OPSL laser) and emission above 500 or 521 nm (barrier filter). A standardized protocol for image acquisition and generation of mean images after automated alignment was applied, and routine fundus photographs were obtained. FAF images were classified by two independent observers. The statistic was applied to assess intra-and interobserver variability. RESULTS. Alterations in FAF were classified into eight phenotypic patterns including normal, minimal change, focal increased, patchy, linear, lacelike, reticular, and speckled. Areas with abnormal increased or decreased FAF signals may or may not have corresponded to funduscopically visible alterations. 
PURPOSE.
To describe and classify patterns of abnormal fundus autofluorescence (FAF) in eyes with early nonexudative agerelated macular disease (AMD). METHODS. FAF images were recorded in eyes with early AMD by confocal scanning laser ophthalmoscopy (cSLO) with excitation at 488 nm (argon or OPSL laser) and emission above 500 or 521 nm (barrier filter). A standardized protocol for image acquisition and generation of mean images after automated alignment was applied, and routine fundus photographs were obtained. FAF images were classified by two independent observers. The statistic was applied to assess intra-and interobserver variability. RESULTS. Alterations in FAF were classified into eight phenotypic patterns including normal, minimal change, focal increased, patchy, linear, lacelike, reticular, and speckled. Areas with abnormal increased or decreased FAF signals may or may not have corresponded to funduscopically visible alterations. 
CONCLUSIONS.
Various phenotypic patterns of abnormal FAF can be identified with cSLO imaging. Distinct patterns may reflect heterogeneity at a cellular and molecular level in contrast to a nonspecific aging process. The results indicate that the classification system yields a relatively high degree of intra-and interobserver agreement. It may be applicable for determination of novel prognostic determinants in longitudinal natural history studies, for identification of genetic risk factors, and for monitoring of future therapeutic interventions to slow the progression of early AMD. A ge-related macular disease (AMD) is now the leading cause of severe visual loss in all industrialized countries. [1] [2] [3] As populations age, the prevalence of AMD will increase and its significance will grow, unless effective interventions are developed. Present treatments to reduce or avoid loss of visual function from advanced AMD remain limited. Evidence for treatments that could slow the progression of disease at an earlier stage is just beginning to accumulate.
Severe visual loss results from choroidal neovascularization (CNV), pigment epithelial detachment, or geographic atrophy (GA) of the retinal pigment epithelium (RPE). 4 Early manifestations of AMD precede these advanced stages of the disease. The former are characterized by extracellular deposits (i.e., drusen), accumulating in the inner aspects of Bruch's membrane (BM). 5 Depending on the size and morphology, hard drusen are distinguishable from soft drusen. High-risk drusen characteristics have been identified in natural history studies. 4,6 -8 Further manifestations of early AMD include focal hypo-or hyperpigmentation at the level of the RPE. Previous terminology for early manifestations includes so-called agerelated maculopathy (ARM) in contrast to AMD for advanced atrophic or neovascular forms of AMD. 9 Herein, the term age-related macular disease (AMD) is used, as proposed by an author (ACB) in an earlier study, 3 and early stages are distinguished from late forms of AMD.
With the advent of confocal scanning laser ophthalmoscopy (cSLO) it is possible to visualize fundus autofluorescence (FAF) and its spatial distribution in vivo. 10 -14 It represents a tool to evaluate the RPE during aging and in ocular disease. 15 As shown by spectrophotometric investigations by Delori et al., 11 FAF is mainly derived from lipofuscin (LF) in the RPE. Excessive accumulation of LF represents a common pathogenetic pathway in various monogenetic and complex retinal diseases and is believed to precede photoreceptor degeneration. 16 -18 Recent studies have described FAF changes in early and advanced atrophic AMD. 13, 19 Excessive LF accumulation may precede the development of GA and the enlargement of preexisting GA. 20 Lois et al. 21 and Delori et al. 15 have described changes in FAF in eyes of patients with drusen in the absence of atrophic or neovascular complications. Of note, alterations in FAF were not necessarily associated with corresponding funduscopically An international FAF classification system may be useful for other groups performing FAF imaging in the context of AMD research and may help in the performance of meta-analyses of similar studies in the future. There is also a potential for identifying prognostic determinants based on FAF imaging and for identifying genetic factors.
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METHODS
FAF images were recorded with confocal scanning laser ophthalmoscopes (Heidelberg Retina Angiograph, HRA classic and HRA 2, Heidelberg Engineering, Dossenheim, Germany; or the prototype SM 30-4024; Carl Zeiss Meditec, Inc., Jena, Germany), the optical and technical principles of which have been described previously. 10, 12, 20 A small pinhole aperture suppresses light originating from outside the focal plane to enhance image contrast compared with nonconfocal images. For excitation at 488 nm an argon blue or optically pumped solid-state laser is used, and emission is recorded above 500 nm (HRA) or 521 nm (Carl Zeiss Meditec, Inc.) with a barrier filter. For acquisition of FAF images, standard operation procedures were developed including focusing of the retinal image in reflection and red-free mode, sensitivity adjustment, and acquisition of 30°ϫ 30°FAF images. The images encompassed the entire macular area. For the HRA, the best nine single images were aligned, and a mean image was generated to amplify the FAF signal using image analysis software (Heidelberg Eye Explorer [HEE]; Heidelberg Engineering). With the cSLO a series of images of each eye was recorded at standard video scanning rates on VHS videotape. Later, images were digitized at a 768 ϫ 576 resolution with a frame grabber (Millenium; Matrox Imaging Products Group, Dorval, Quebec, Canada).
Eyes from patients older than 55 years with drusen and/or focal hypo-or hyperpigmentation appearing in color fundus photographs in the absence of other retinal disease and with media clear enough to allow FAF imaging were included. The study adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from each subject after an explanation of the nature and possible consequences of the study. The study was approved by the institutional human experimentation committee or institutional review board of each participating center. Abnormal FAF was defined as either an increased or decreased FAF signal compared with the normal background FAF outside such areas. FAF images of normal eyes show a typical decrease in FAF intensity in the macular area due to absorption by macular pigment in the neurosensory retina anterior to the LF-containing RPE cell monolayer. 19, 23 There is also a lower signal along large retinal vessels (absorption) and at the optic disc (absence of autofluorescent material).
In the FAM Study FAF images are recorded in various manifestations of AMD including early stages and advanced atrophic and neovascular forms of the disease. Patients are examined according to standardized operation procedures for visual acuity testing, fundus photography, and FAF imaging. 13 Blood samples are taken after written informed consent has been received for further molecular genetic analyses.
For the classification of fundus images, we used the definitions recently published by the International ARM Epidemiologic Study Group. 9 The macula was defined as the part of the retina centered on the foveola with a diameter of approximately 5500 m. The inner macula was defined as the area within a circle of 3000 m and the outer macula as the area within a circle of 6000 m centered on the foveola. To assess interobserver variability for the novel FAF classification, two independent observers (observers I and II) classified 100 eyes of 100 patients with funduscopically visible drusen and/or focal hypo-or hyperpigmentation with regard to the predominant FAF pattern at the posterior pole. Analyses were repeated after 1 month's time to determine intraobserver variability. For both intra-and interobserver variability, statistics were calculated.
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RESULTS
In eyes with early AMD, topographic alterations in FAF were classified into eight different patterns. Besides normal FAF, these were termed minimal change, focal increased, patchy, linear, lacelike, reticular or speckled patterns. The characteristics of each pattern are given in the following sections.
Normal Pattern
A normal FAF pattern is characterized by a homogeneous background autofluorescence with a gradual decrease in the inner macula toward the foveola due to the masking effect of yellow macular pigment (Fig. 1) . The absence of abnormal alterations may be seen on FAF images, even in the presence of soft or hard drusen.
Minimal Change Pattern
Eyes with only minimal variations from the normal pattern appearance showed very limited irregular increase or decrease of background FAF without an obvious topographic pattern (Fig. 2) .
Focal Increased Pattern
This pattern is defined by the presence of at least one spot (Ͻ200 m diameter) of markedly increased FAF much brighter than the surrounding background fluorescence. The borders are well defined, with no gradual decrease of FAF observed between the background and the area with focal increased FAF. Some areas of focal increased FAF may be surrounded by a darker-appearing halo. On color fundus photographs, these areas may or may not correspond to visible alterations, such as focal hyperpigmentation or drusen (Fig. 3) .
Patchy Pattern
This pattern is characterized by the presence of at least one larger area (Ͼ200 m diameter) of markedly increased FAF. These areas are brighter than the surrounding background fluorescence. The borders of the areas are typically less well defined than the previous pattern, and there is a gradual increase in FAF from the background to the patchy area. Again, these areas of increased FAF may or may not correspond to large, soft drusen and areas of hyperpigmentation (Fig. 4) .
Linear Pattern
The linear pattern is defined by the presence of at least one linear area of markedly increased FAF. The borders of these areas are typically well demarcated with no gradual decrease in FAF observed between the background and the linear structure. Linear structures of increased FAF usually correspond to hyperpigmented lines on the color fundus photograph (Fig. 5) .
Lacelike Pattern
This type shows multiple-branching linear structures of increased FAF that form a lacelike pattern (Fig. 6) . The borders
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may be difficult to define, as a gradual decrease of FAF is occasionally observed from the center of the linear areas toward the surrounding background. A lacelike pattern of increased FAF may correspond to hyperpigmentation on the color image or to no visible abnormality.
Reticular Pattern
The reticular pattern is defined by the presence of multiple small areas (Ͻ200 m diameter) of decreased FAF. The borders of these areas are typically difficult to determine because there is a decrease in FAF from the center of the lesions toward the surrounding background fluorescence. The reticular pattern was found to occur not only in the macular area but also more typically in a superotemporal location. This pattern of decreased FAF may be associated with funduscopically visible numerous small soft drusen, hard drusen, or areas with pigmentary changes or no visible abnormality in the fundus photograph (Fig. 7) . The funduscopic appearance, especially in the superotemporal aspect, resembles previous descriptions of reticular pseudodrusen.
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Speckled Pattern
The speckled FAF pattern is characterized by the simultaneous presence of a variety of FAF abnormalities in a larger area of the FAF image. The changes extend beyond the macular area and may cover the entire posterior fundus. Typically, these abnormalities include multiple small areas of irregularly increased and decreased FAF. The small areas of focal increased FAF may be punctuate or resemble linear structures. The corresponding abnormalities visible on color fundus photographs include hyper-and hypopigmentation and multiple subconfluent and confluent drusen (Fig. 8) .
Classification of 100 FAF images by two independent observers resulted in an agreement in 82% of the cases. The most frequent pattern found was the speckled pattern (26%) followed by the patchy pattern (23%). In 15%, a reticular FAF pattern was predominant, whereas other patterns were found in the following frequency: minimal change pattern, 9%; focal increased pattern, 4%; linear pattern, 3%; and lacelike pattern, 2%. Absolute frequency data are given in Table 1 . In 18% of the cases, there was a disagreement in the evaluation between observers I and II, and in 13 of these 18 images at least one of the observers had a disagreement between the first and the second evaluation (intraobserver variability). The interobserver variability resulted in ϭ 0.77 (95% confidence interval [CI], 0.67-0.87).
The intraobserver variability of observer I was ϭ 0.8 (95% CI, 0.71-0.89). In 84% of the images, the same pattern was classified at both evaluation time points: normal pattern, 1%; minimal change pattern, 8%; focal increased pattern, 4%; patchy pattern, 25%; linear pattern, 4%; lace-like pattern, 3%; reticular pattern, 16%; speckled pattern, 23%. No conformity was found in 16%. Observer II classified the identical FAF pattern at both evaluation time points in 79% of the images: minimal change pattern, 7%; focal increased pattern, 7%; patchy pattern, 20%; linear pattern, 4%; lacelike pattern, 3%; reticular pattern, 16%; speckled pattern, 22% ( ϭ 0.74; 95% CI, 0.64 -0.84).
DISCUSSION
Using cSLO FAF imaging, we have identified and classified various patterns of abnormal FAF in eyes with early manifestations of AMD. FAF imaging gives information over and above conventional fundus photography and fluorescence angiography and represents a valuable tool in the evaluation of the RPE during ageing and ocular disease. In general, refined phenotyping with novel diagnostic tools is not only important for identifying prognostic determinants, but, with the emerging field of phenomics, it also is a prerequisite for determining specific genetic factors, particularly in complex, multifactorial diseases such as AMD. 26, 27 We propose that the classification system presented herein can be used in other studies of AMD that include FAF imaging. Pooling of material from this and other studies could facilitate molecular genetic analyses that require a high number of patients to identify one or several gene mutations conferring risk for the development of certain AMD manifestations. In addition, better defined phenotypes may allow the identification of specific high-risk characteristics that may be helpful to design and monitor future interventional trials for patients at particular high risk of disease progression and severe visual loss.
In contrast to previous classification schemes using color fundus photographs or angiography, 28 our system is based on FAF imaging, a new, noninvasive method of examining patients with macular disease that was initially introduced by von Rück-mann et al. 10 Using spectrophotometric investigations Delori et al. 29 showed that LF granules in the RPE cell monolayer contain the dominant fluorophores responsible for FAF imaging. Excessive LF accumulation represents a common pathogenetic pathway in various monogenetic and complex retinal disorders. LF granules also accumulate with age and may occupy 20% to 33% of the free cytoplasmic space of the RPE cell at ages Ͼ70 years. 30 Recent experimental studies have addressed possible molecular mechanisms, to explain how excessive LF may interact with normal cellular functions of RPE cells. A2-E has been identified as a main autofluorescent compound of LF. 31 Toxic properties of A2-E include phototoxic and detergent effects and inhibitory effects on the lysosomal proton pump, with a subsequent increase in lysosomal pH, inhibition of lysosomal enzymes, and impaired degradation of phagocytosed material. [32] [33] [34] [35] Identification of other molecular species is now in progress, wherein the LF proteome and posttranslational modifications of LF proteins have been deter- mined. 36, 37 Recently developed animal models that share phenotypic characteristics of AMD, including excessive LF and A2-E accumulation in the RPE, add to the understanding of underlying molecular mechanisms. 38, 39 Clinical evidence of adverse effects of LF comes from FAF investigations and the combination with psychophysical studies. Impaired photoreceptor function may occur in association with increased FAF. 40, 41 Furthermore, increased FAF in the junctional zone of GA precedes the development of new areas of GA or the enlargement of preexisting atrophic patches. 13 Alternative fluorophores to RPE LF are present in various anatomic layers of the posterior pole. BM has been shown to possess autofluorescent properties. 11, 29, 42 However, the excitation and emission spectra are different, although with slight overlap, from those of LF in RPE cells. The same is the case for choroidal components and the sclera. Furthermore, subpigment-epithelial fluid in the presence of pigment epithelial detachments or longstanding subretinal hemorrhages may contain fluorophores that induce an increased FAF signal in the wavelength ranges relevant to the method applied herein (Staudt S, IOVS 2000:41:ARVO Abstract 873). Because the latter two changes were not present in the eyes examined in our study and based on the spectrophotometric analyses by Delori et al., 11 it is assumed that the dominant fluorophore responsible for the elevated autofluorescence signals indeed originates from RPE LF. However, this method cannot distinguish between melanolipofuscin or RPE cells that have migrated into the neurosensory retina and LF at the normal RPE cell layer.
Various limitations have to be considered for FAF imaging. Media opacities and, above all, lens opacification may result in FAF images that cannot be analyzed adequately. Yellowish discoloration of the lens in cataract formation is associated with the absorption of the wavelength range used in our study for excitation (i.e., 488 nm). As shown in recent FAF evaluations of eyes with GA, the rate of eyes that could not be imaged or classified adequately was determined to be 90.9%. 43 Furthermore, absolute quantification of the FAF signal is difficult. However, this may not be relevant when looking at variations in the topographic distribution of FAF changes, as in our study, for classifying patterns in association with early AMD. In addition, abnormal FAF findings are readily noted in comparison to normal background fluorescence. 19 The FAF changes do not necessarily correlate topographically with visible fundus changes in patients with early AMD. Areas of increased FAF may or may not correspond with areas of hyperpigmentation or soft or hard drusen. The autofluorescence signal may be normal, decreased, or increased in corresponding drusen areas. This may reflect the variable composition of drusen compounds including other fluorophores, as well as different reactive alterations in the overlying RPE cell monolayer. Overall, larger drusen were associated more frequently with more pronounced FAF abnormalities than smaller ones. Areas covered with so-called reticular drusen, or reticular pseudodrusen as termed by others, 24, 44, 45 usually show a unique reticular FAF pattern with multiple small, uniform areas of decreased FAF surrounded by normal FAF.
Areas of hypopigmentation on fundus photographs tend to be associated with a corresponding decreased FAF signal, suggesting the absence of RPE cells or degenerated RPE cells with a reduced content of LF granules. In contrast, areas of hyperpigmentation usually exhibit a higher FAF signal, which may be due to a higher content of autofluorescent melanolipofuscin. 19 FAF changes remote from funduscopically visible alterations may indicate more widespread abnormalities and diseased areas. It may be speculated that changes seen in FAF imaging on the RPE cell level precede the occurrence of visible lesions as the disease progresses.
Based on these cross-sectional observations, we have initiated longitudinal studies to address the hypotheses of possible evolution from one abnormal FAF pattern to another and of gradual peripheral spread during the disease process. Furthermore, the prognostic relevance of individual FAF phenotypes with regard to the incidence of advanced atrophic or exudative manifestations of AMD will be addressed. These studies may also improve our understanding of the pathophysiology and the mechanisms of disease progression.
In summary, we introduce a description and classification system of the various FAF patterns in eyes with early AMD. We encourage other investigators performing research in AMD to include FAF imaging and to use the proposed system to promote standardization of the nomenclature. Such standardization would to facilitate better comparison between studies of AMD and allow for meta-analyses in the future.
